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First principles calculations are used to investigate the segregation behaviour of Co, Cr, Re, Mo and W to intrinsic and extrinsic stacking faults in
c0-Ni3Al. It is shown that the change in stacking fault energy depends on local alloying concentration and is related to subtle changes in the electronic
structure of the alloying elements and adjacent nickel atoms. The results are consistent with observed stacking fault segregation in commercial super-
alloys and in particular the behaviour of Co and Cr.
 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/
4.0/).
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sive X-ray spectroscopy (EDS) that the distribution of
alloying elements in the vicinity of intrinsic stacking faults
(SISFs) within the c0 phase (Ni3Al) of two commercial
superalloys (CMSX-4 and ME3) following creep deforma-
tion at around 700 C can vary signiﬁcantly. While the seg-
regation of heavy (high-Z) elements to extrinsic faults
(SESF) in c0 in CMSX-4 has been reported previously [2],
the recent analysis by Viswanathan et al. [1] provided clear
experimental evidence for an enhanced concentration of
particular elements, notably Co and Cr, near SISFs with
a simultaneous reduction in the amount of Ni and Al.
Although it was suggested that the formation of these faults
and long-range diﬀusion of the segregants were closely con-
nected, no clear physical picture emerged of why it is ener-
getically favourable for these elements to segregate and
others not. On the theoretical side there is a substantial lit-
erature [3–5] using atomistic modelling which describes the
eﬀect of alloying elements on stacking faults and anti-phase
boundaries in c0-Ni3Al but the speciﬁc interaction of Co
and Cr has not yet been investigated.
To gain better understanding at the electronic level of
the observed eﬀects, ﬁrst principles atomistic calculations
are employed to determine the relative driving force for seg-
regation of Co and Cr to SISFs and SESFs in c0-Ni3Al. For
comparison calculations are also performed on the segrega-
tion of Mo, W and Re. These elements are all standard
components of CMSX-4 (and also ME3 except Re) and
thus the results are also highly relevant to the experimental-
ly observed segregation of high-Z elements to SESFs [2,6].http://dx.doi.org/10.1016/j.scriptamat.2015.02.020
1359-6462/ 2015 Acta Materialia Inc. Published by Elsevier Ltd.
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not only on intrinsic but also on extrinsic stacking faults is
of particular interest because of the experimental ﬁnding
that the shearing of c0 precipitates via the creation of
SESFs is an important deformation mechanism at interme-
diate temperature service conditions in both polycrystalline
Ni-based alloys for disc applications [7] as well as single
crystal alloys [8] used as materials for turbine blades.
c0-Ni3Al is based on the L12 crystal structure with Al
atoms occupying the corners and Ni atoms the faces of a
fcc unit cell. Both extrinsic and intrinsic stacking faults
occur on the (111) glide plane and consist of a stacking
irregularity in the threefold ABC stacking sequence. The
SISF corresponds to the removal, and the SESF to the
insertion of a close-packed plane of atoms. The computa-
tional cell is therefore constructed to consist of 11 and 13
close-packed layers of Ni3Al with stacking sequences
ABC ABC A|C ABC and ABC ABC AB|A|C ABC for the
SISF and SESF respectively as shown in Figure 1 and
is periodic in all directions. Test calculations were
performed to ensure that the supercells are large enough
along [111] to minimise the interaction of the fault with
its periodic image.
To simulate the eﬀect of alloying concentration on the
segregation behaviour two diﬀerent model sizes in the
(111) plane were used. The standard model (SM) has one
repeat unit in the (111) plane (i.e. 4 atoms/layer) while
the larger model has four repeat units (16 atoms/layer). A
single alloying atom is substituted into both models. A
higher alloying concentration is modelled by introducing
two alloying atoms into the standard model and this is
referred to as the high concentration model (HM).
Deﬁning the stacking fault region as 4 (111) planess.org/licenses/by/4.0/).
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Figure 1. Change in SFE for the SISF (top) and the SESF (bottom) as a function of (111) layer number for the ﬁve alloying elements considered.
Also shown are atomic models of the SISF and SESF used in the calculations. ABC refers to the stacking sequence of (111) planes and L1–L13
indicates the layer number. For the SISF the fault lies between L7 and L8 and for the SESF the fault lies at L9. Open, black and coloured circles refer
to Ni, Al and alloying elements respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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local alloy concentration is about 1.6 at.%, 6.25 at.% and
12.5 at.% for the LM, SM and HM respectively. The ques-
tion of whether the alloying elements considered in this
work preferentially substitute for Al or Ni sites in bulk
Ni3Al has been widely considered both experimentally [9]
and theoretically [10]. Most theoretical studies agree that
Cr, Re, Mo and W preferably substitute on the Al sublat-
tice while the site preference of Co is commonly found to
be composition dependent and thus Co may substitute on
either the Al or Ni sublattice. Therefore elements are substi-
tuted for Al sites only if the site preference is unambiguous
(Cr, Re, W and Mo), and for both Ni and Al sites where the
site preference is composition dependent (Co).
All calculations in this work were performed using
the CASTEP code [11] which implements the plane wave
pseudopotential methodology of the density functional
theory (DFT). The PBE generalised gradient exchange
correlation functional [12] was used along with
Vanderbilt-type ultra-soft pseudopotentials [13]. The
plane wave kinetic energy cut-oﬀ was converged to
500 eV and the Brillouin zone was sampled using a
k-point spacing of 0.04 A˚1 in reciprocal space. For
the atomic relaxations the tolerances for energy change,
maximum displacement and maximum force were set
to 1.0  105 eV/atom, 1.0  103 A˚ and 0.03 eV/A˚,respectively. In order to account for the ferromagnetism
of Ni all segregation energy calculations were performed
using spin polarisation, starting at a ferromagnetic initial
conﬁguration and relaxing towards its ground state. The
SISF and SESF energies of pure Ni3Al are calculated to
be 68 mJ m2 and 89 mJ m2, respectively, in good
agreement with other computational results [14].
In order to quantify the propensity for segregation, the
change in stacking fault energy (SFE) Dc due to the incor-
poration of 1 (or 2) alloying atoms into the models is calcu-
lated using the approach used previously for antiphase
boundaries and complex stacking faults [3]. A negative
change in SFE implies segregation. Example locations for
a single alloying atom placed into the SISF and SESF fault
plane are shown in Figure 1 using the SM. Also shown in
Figure 1 is Dc as a function of distance from both faults fol-
lowing the introduction of a single alloying atom for all ﬁve
elements considered. For the SISF it is seen that the eﬀect is
largest for all elements (except Re) when the atom is placed
directly into the fault plane (L7). The only element to
reduce the SFE is CoAl. The overall width of the segrega-
tion proﬁle for CoAl is about 6 layers (1.5 nm) which is
consistent with measured proﬁles in CMSX-4 and ME3
[1]. For the SESF the calculated values of Dc are much
smaller but again CoAl reduces the SFE when placed in
the fault plane (L9) as does Re.
Table 1. Values of the change in stacking fault energy Dc due to the incorporation of one (or two) alloying atoms in the fault plane. LM, SM and
HM refer to models with increasing alloy concentrations as described in the text.
Alloying element DcLMSISF Dc
LM
SESF Dc
SM
SISF Dc
SM
SESF Dc
HM
SISF Dc
HM
SESF
CoAl 12 18 77 80 95 102
CoNi 4 5 8 5 46 65
CrAl 48 20 85 17 126 135
WAl 77 22 171 30 68 106
ReAl 60 19 46 60 277 229
MoAl 73 17 138 5 126 139
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Figure 2. The layer-by-layer projected density of states (LPDOS) for
the d-orbitals of the Co, Re and Cr alloying elements compared to
adjacent Ni atoms in the bulk region of the model (left column) and at
the stacking faults (right column). The layer numbers are deﬁned in
Figure 1. The full vertical lines indicate possible resonances between
orbitals. Ef is the Fermi energy.
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tution of the alloying atom into the fault plane and also
includes data for the large and high concentration models.
For the large model where the alloy concentration is
reduced it is clear that only Co weakly segregates to the
stacking faults. The non-segregation of the heavy elements
W, Re and Mo agrees with previous calculations on the
SISF [4,5]. Table 1 also gives the results for the HM model
where the two alloying atoms are speciﬁcally placed in L7
and L8 for the SISF and L8 and L9 for the SESF. In these
cases all the elements considered apparently decrease the
SFE and thus segregate to both stacking faults. However,
these results must be viewed with caution since the solubi-
lity limits [9] of some of the elements (notably W, Re and
Mo) may have been exceeded and as discussed previously
this can lead to unreliable segregation energies [15].
Nevertheless for Co and Cr, which have higher solubilities,
it is clear that segregation will occur to both faults once the
concentration is high enough which agrees with the recent
observations on SISFs [1]. In addition to the layer combi-
nations mentioned above, two alloying atoms were also
placed in L5–L7, L6–L7 and L6–L8 for the SISF and
L8–L10 and L9–L11 for the SESF. This allowed access to
a greater range of possible double segregation sites. The
results reveal that for the SISF, placing Co and Cr in L7–
L8 is still preferred energetically although the other layer
combinations still lead to segregation. Overall, the segrega-
tion of Co and Cr to the SISF may occur at many local sites
extending over about 6 layers which is consistent with the
microscopy (HAADF) images [1]. For the SESF it is found
that all the alloying elements including CoAl and Cr prefer
the L9–L11 combination rather than L8–L9 which is of
interest because this arrangement corresponds to a par-
ticular hexagonal structure with X–Al–X–Al ordering of
Al and heavy elements X over the prototype Ti sites of
the underlying D024 structure called the g phase [16] whose
observation was suggested previously in the context of
heavy element segregation to SESFs [2].
To gain a better understanding of the calculated segrega-
tion eﬀects at the electronic level, the layer-by-layer project-
ed density of states (LPDOS) across each stacking fault is
determined using OPTADOS [17] focussing on the
observed segregation of Co and Cr to the SISF and Re to
the SESF. Of interest is the absence or presence of hybridi-
sation eﬀects which may indicate a weakening or strength-
ening of bonds adjacent to the alloying element. However,
the eﬀects are expected to be relatively subtle since, unlike
segregation to anti-phase boundaries or complex stacking
faults [3], no new alloy-host bonds are broken or created.
For reference, the left hand side column of Figure 2 shows
the eﬀects of substituting Co, Cr and Re into bulk Ni3Al on
Al sites away from the fault. The alloying atom is in layer 2
(L2) of the model (and also L3 for Cr) and the DOS showsthe projected d-orbitals of this atom and the nearest neigh-
bour Ni atoms. Since all optimisations converged to a non-
magnetic ground state the spin-up and spin-down DOS are
equal and thus only the spin-up component is shown. The
right hand side column of Figure 2 shows the eﬀects of sub-
stituting Co into a SISF (L8), Re into a SESF (L9) and two
Cr atoms into a SISF (L7 and L8) all on Al sites.
When Co is introduced into the SISF it is found to seg-
regate (using the standard model) and evidence for this in
the DOS is found by examining the energies of the Ni(d)
states around the main Co(d) peak at 1.5 eV (top two
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coincides with an energy minimum in the Ni(d) states of
the neighbouring Ni atoms whereas at the SISF the energies
of two of these Ni(d) states increase, broaden out and
hybridise with the Co(d) state. This suggests enhanced
bonding between the Co atom and its Ni neighbours thus
favouring segregation.
A similar situation occurs when Re is substituted into
the SESF (using the standard model). In the bulk region
the Re(d) states exhibit only a broad maximum between
2 eV and 1.5 eV which coincide with an energy mini-
mum in the Ni(d) states of the neighbouring Ni atoms
whereas at the SESF the Re(d) states develop two reso-
nances at 1.3 eV and 1.9 eV, the latter strongly match-
ing a resonance of Ni(d) states (middle two panels of
Fig. 2). The Re(d) peak at 1.3 eV correlates with small
enhancement Ni(d) states which together with the strong
resonance enhances the local bonding and rationalises the
tendency of Re to segregate towards the SESF.
When two Cr atoms are introduced into the SISF using
the high concentration model strong segregation is
observed. The bottom two panels of Figure 2 show that
in the bulk region the Cr(d) states exhibit a narrow peak
at 1.8 eV which coincides with a resonance of Ni(d) states
belonging to the Ni atoms lying in the same close-packed
plane as the incorporated Cr. It is noticeable, however, that
the overlapping Ni(d) states between Ni atoms that lie with-
in (L2 and L3) and adjacent (L1 and L4) to the planes con-
taining Cr is weak, e.g. the peak of Ni(d) (L2 and L3) at
1.8 eV coincides with a minimum of Ni(d) states of Ni
atoms lying in planes L1 and L4. This situation changes
at the SISF where it is seen that the resonance peaks of
Ni(d) states of Ni atoms in the fault (L7 and L8) and in
planes adjacent to it (L6 and L9) coincide. Furthermore it
is seen that the narrow Cr(d) peak broadens and matches
with a widened peak associated with Ni(d) states from the
Ni atoms in the fault (L7 and L8). The combined eﬀects
provide evidence for stronger local bonding that favours
segregation.The analysis shows that even small changes in stacking
fault energy can be related to features in the electronic
structure of the alloying elements and stacking faults and
are consistent with the observed segregation behaviour.
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